The effects of prolonged exposure to air at 1073 K on Al20Cr25Nb20Ti20Zr15 and Al20Cr25Nb19-Ti20Zr15Y1 (at.%) high-entropy alloys (HEAs) were investigated in this work. Combined scanning electron microscopy and energy-dispersive x-ray spectroscopy (SEM-EDS) analysis revealed that scales containing all major elements in the systems are formed during the oxidation process. Thermogravimetric analysis carried out under the above-mentioned corrosive conditions indicates an initial parabolic kinetics course in the case of the sample with 1 at.% Y addition. However, after a certain period of time, the correlation between mass gain per unit surface area and time becomes linear. In the other case, oxidation proceeds according to the parabolic rate law for the entire process duration. The addition of 1 at.% Y decreases the parabolic rate constants by 1 order of magnitude, thereby improving the chemical stability of the studied Al-Cr-Nb-Ti-Zr system. This is confirmed by visual evaluation, as well as SEM-EDS cross-sectional analysis. Additionally, x-ray diffraction studies indicate that a multiphase oxide scale is formed on the metallic core of both samples. This means that selective oxidation does not occur and all constituent elements took part in the reaction. Taking all of the above into account, it can be concluded that more research is required to fully understand and improve the corrosion resistance of Ti-Al-Cr-Nb-based HEAs.
Introduction
High-entropy alloys (HEAs) were first officially introduced to the scientific world in 2004 by Yeh and his team (Ref [1] [2] [3] [4] . These new materials can be defined as alloys that exhibit high configurational entropy (DS conf ) and consist of five or more principle elements in amounts that range between 5 and 35 at.%. Configurational entropy constitutes a large part of the mixing entropy (DS mix ). If the mixing entropy is sufficiently large, then the free enthalpy of mixing (DG mix ) can be below 0. This, in turn, leads to spontaneous formation of a single-phase alloy. The mixing enthalpy (DH mix ) value also influences the phenomenon, according to the following thermodynamic correlation:
where T is the temperature [K] . The previously mentioned single phase that constitutes a HEA is usually a face-centered cubic (FCC) or body-centered cubic (BCC) crystalline structure. Configurational entropy depends on the principle element concentrations in accordance with the following equation:
where R is the universal gas constant and X i -atom fraction of principle element i. This approximation for liquid and solid alloys near the melting temperature suggests that maximum DS conf can be obtained by mixing the elements together in equimolar ratios. However, non-equimolar compositions can also be classified as HEAs provided they meet the following criteria: DS conf ‡ 1.5R ( Ref 5) . It has been determined that single-phase HEAs exhibit relatively high strength and ductility compared to traditional commercial alloys (Ref 3). Since then, HEAs have been seen as promising potential structural materials. They have also been considered for high-temperature applications due to their supposed sluggish diffusion kinetics and softening resistance at elevated temperatures ( Ref 6, 7) . This has led to hightemperature oxidation studies of several HEA systems, such as CoCrFeMnNi, AlCoCrFeNi and AlCoCrCuFeNi (Ref [8] [9] [10] [11] [12] [13] [14] . These investigations have also been carried out on high-entropy materials consisting of elements that constitute refractory alloys, e.g., Ti, Ta, Mo, Nb, Hf, Cr and Zr (Ref [15] [16] [17] . Aluminum has also often been added to refractory HEA systems in order to ensure better protection against hightemperature oxidizing conditions (Ref [18] [19] [20] . This addition, however, still does not guarantee sufficient oxidation resistance against oxidizing atmospheres in the above-mentioned temperature range. For example, an equimolar NbMoCrTiAl HEA has exhibited oxidation that proceeds according to the linear rate law at 1173 and 1273 K (Ref 19 This work is an attempt at improving the oxidation resistance of refractory HEAs at temperatures below 1273 K. The effects of minor Si addition on the oxidation behavior of refractory HEAs have already been tested (Ref 19, 20) . However, there are still not much data pertaining to active element dopant (e.g., Y, La) influence on the physicochemical properties of these alloys. Thus, the goal of this work is to investigate the chemical stability of an Al-Cr-Ti-Zr-Nb HEA in air atmosphere at 1073 K and determine the effects of an active element dopant (1 at.% Y) on its high-temperature oxidation resistance.
Experimental Materials and Methods
HEAs, the designations and average chemical compositions of which are provided in Table 1 , were prepared from elements of 99.99 wt.% purity in an arc melting furnace with a watercooled copper plate under protective argon atmosphere. Details of the procedure can be found in Ref 21. After grinding, polishing and ultrasonic cleaning in acetone, the obtained HEA samples were inserted into the thermogravimetric apparatus schematically presented in (Ref 22) . This setup enabled measurements of mass change as a function of time using a CI Precision Mk2 microbalance with 0.1 lg sensitivity and 1 lg accuracy. The materials were then exposed to air at 1073 K. Thermogravimetric analysis of the Al20Cr25Nb20-Ti20Zr15 alloy was carried out for 24 h, whereas the Al20Cr25Nb20Ti20Zr15Y1 HEA was subjected to both 24and 48-h oxidation. The second material was also oxidized at 1023 and 1123 K in order to analyze the influence of temperature on growth kinetics. Information on the morphology and chemical composition of the samples after the abovementioned procedures was then obtained using scanning electron microscopy (SEM; FEI SEM XL30 scanning electron microscope) combined with energy-dispersive x-ray spectroscopy (EDS; EDAX GEMINI 4000 spectrometer) using a Si(Li) detector with SUTW window. Additionally, x-ray diffraction (XRD) analysis was performed using a Philips PW 1410 diffractometer with CoKa filtered radiation. Scans were performed on polished cross-sectioned samples at 20°to 120°, with a step size of 0.02°and a dwell time of 5 s. Finally, a thin cross section of a selected sample was prepared using a focused ion beam (FIB; Hitachi FB-2000A FIB). The cross section was then observed by means of transmission electron microscopy (TEM; TOPCON EM-002B transmission electron microscope) at 400 kV accelerating voltage, and chemical composition point analysis was carried out using the EDS technique with a Si(Li) detector (Noran Instruments Energy Dispersive x-ray Spectrometer MODEL 623 M-3SPT).
Results and Discussion
Mass change per unit surface area as a function of oxidation time for both Al20Cr25Nb20Ti20Zr15 and Al20Cr25Nb19-Ti20Zr15Y1 HEAs is illustrated for both samples in Fig. 1 . From this figure, it follows that, in the case of the first sample, mass change as a function of reaction time initially follows the parabolic rate law, and then, the correlation becomes linear after a certain period of time. On the other hand, the mass increase in the yttrium-containing sample remains parabolic throughout the entire oxidation process. This is confirmed from the linear regression performed on the curves representing the square of mass change per unit surface area as a function of time illustrated in Fig. 2 . This suggests that the scale grown on Al20Cr25Nb19Ti20Zr15Y1 alloy exhibits better protective properties than that formed on Al20Cr25Nb20Ti20Zr15. In both cases, the values of the rate constants, provided in Table 2 , change after certain durations. It can be speculated that this is due to the changes in the rate-limiting reaction during the oxidation procedure after certain periods of time. However, further studies are necessary to determine this with certainty. From the determined rate constants, it follows that the addition of 1 at.% yttrium into the sample improves the oxidation kinetics by 1 order of magnitude. This indicates a very positive effect of the dopant on the oxidation kinetics of the studied HEA system at 1073 K. Still, oxidation mechanism investigations are required to give a detailed explanation for this beneficial influence. Information on temperature dependence of the parabolic rate constants determined at 1023, 1073 and 1123 K after a certain initial period up to $ 24 h is provided for the yttrium-doped sample in Fig. 3 . Linear regression of the obtained data reveals that the activation energy of the process during the aforementioned period of oxidation is 333. 19 Surface morphologies of the Al20Cr25Nb20Ti20Zr15 and Al20Cr25Nb19Ti20Zr15Y1 samples after 24-h oxidation at 1073 K in air are shown in Fig. 4(a) and (b), respectively. From these SEM observations, it follows that a non-continuous outer layer built of small grains was formed on the surface of each sample during the oxidation process. The microstructure of the outer layer illustrated in Fig. 4 (a) consists of small grains, which form larger aggregates in some areas. On the other hand, the grains in Fig. 4(b) are somewhat larger and far less aggregation is visible. The reason for this is unknown and requires further studies.
In order to determine the differences in chemical composition between the outer non-continuous layer and the remaining visible surface, EDS point analysis was carried out on the oxidized Al20Cr25Nb20Ti20Zr15 alloy. The points selected for chemical composition studies are shown in the microphotograph illustrated in Fig. 5(a) . The respective EDS spectra obtained at these points are shown in Fig. 5(b) , (c) and (d). All the constituent elements were detected in each case ( Fig. 5 (b) (c) and (d). However, the presence of oxygen below the noncontinuous layer on the surface (Fig. 5d ) suggests that the oxide scale grown on the metallic substrate during the oxidation process not only consists of the non-continuous outer layer, but of an additional inner layer as well. The same conclusion can be obtained from EDS point analysis performed on the Al20Cr25Nb19Ti20Zr15Y1 alloy after 24-h oxidation shown in Fig. 6(a) . The obtained results are qualitatively illustrated by the EDS spectra in Fig. 6(b) , (c) and (d) for points 1, 2 and 3, respectively. The chemical compositions determined by the EDS point analysis performed on both samples after oxidation are listed in Table 3 . From this table, it follows that all the constituent elements were detected in both scale layers on each sample. However, greater chromium content and lower amounts of titanium were determined in the inner layer compared to the outer scale layer. This suggests the formation of more significant amounts of Cr-containing compounds and less compounds with Ti in the inner layer of the scale.
Cross-sectional SEM analysis of the Al20Cr25Nb20-Ti20Zr15 material combined with EDS line scan studies is presented in Fig. 7 (a) and (b), respectively. From the obtained SEM microphotograph, it follows that a $ 38-lm-thick oxide scale was grown during oxidation at 1073 K. The image also indicates a significant formation of oxides inside the metallic substrate, which makes it difficult to precisely determine the scale/substrate interface. EDS analysis provided in Fig. 7(b) indicates predominant amounts of Cr and Ti at the gas/scale interface that rapidly decrease $ 10 lm along with distance from the surface. On the other hand, there is lower Nb and Zr content at the surface and Al at the interface is practically not observed. These elements increase along with depth for the initial $ 10 lm. The EDS results are difficult to interpret as there are several maxima pertaining to individual elements inside the oxide scale. First, maxima pertaining to Cr and Zr are observed at the same depth. Then, at a slightly deeper position inside the scale, maxima of Nb and Ti are determined. It is interesting to notice that below $ 15 lm the courses of Cr and Zr distribution are similar, yet the detected Zr concentration is Fig. 3 Temperature dependence of parabolic rate constants obtained for Al20Cr25Nb19Ti20Zr15Y1 alloy after 48-h oxidation at 1023, higher than that of Cr. The same is true for Ti and Nb. As for Al, while some maxima are observed, the detected amounts of this element generally increase steadily as the analysis approaches the metallic core. Oxygen distribution results show that a rapid decrease in the element is observed between 30 and 38 lm, suggesting that below the latter depth the material becomes metallic. However, a significant oxygen concentration was still determined in the EDS analysis. It can be speculated that this is the result of insufficient protection from the scale, as well as internal oxidation taking place during exposure to air atmosphere at 1073 K. Still, further studies are necessary to confirm this. As for the Al20Cr25Nb19Ti20Zr15Y1 sample, cross-sectional SEM analysis is illustrated in Fig. 8(a) , whereas EDS line scan studies are presented in Fig. 8(b) . From this microphotograph, it follows that an oxide scale of $ 66 lm thickness was formed in this case. This larger thickness compared to the previous case could be the result of better scale/substrate adherence; however, this is only an assumption at this point of research. The element distribution inside the oxide scale is, once again, very complex and requires further studies. As in the previous case, greater Ti and Cr concentrations are observed at the scale/gas interface compared to the other elements ( Fig. 7b ). The content of these elements initially decreases about 7 lm, whereas the concentrations of the remaining elements increase. Oxygen concentration around the previously mentioned depth achieves a maximum, after which the content of that element steadily decreases. At around 34 lm depth, maxima of Cr and Zr content along with minimal Ti concentration can be observed. Oxygen and niobium distribution curves also exhibit a minimum. The reason for this is unknown and requires further studies. The plots pertaining to Cr and Zr distribution are similar to those obtained for the previous sample; however, the concentrations of both elements in the scale are more comparable. The Ti and Nb distributions are also similar; however, much higher Nb content was detected throughout the scale. As in the previous case, Al content steadily increases as the analysis approaches the core/scale interface and is relatively low compared to the other elements. As for oxygen, while a rapid decrease is observed between 57 and 66 lm, some amounts of the element are still detected in the metallic core. This suggests that the protection against hightemperature corrosion in air provided by the scale was not entirely sufficient. However, the oxygen concentration appears to quickly diminish at depths below $ 90 lm. XRD analysis of the Al20Cr25Nb20Ti20Zr15 and Al20Cr25Nb19Ti20Zr15Y1 samples after oxidation ( Fig. 9a and b, respectively) reveals that the scales formed on the aforementioned alloys consist of several phases including Al 2 O 3 and TiO 2 , as well as other oxides and spinels. This confirms that selective oxidation does not take place in either case and each major component in the HEAs takes part in the reaction with oxygen at 1073 K. From this, it can be concluded that high-temperature oxidation of the Al-Cr-Nb-Ti-Zr HEA system is a very complex process and requires further investigations. It can also be seen that the yttrium dopant does not seem to significantly influence the phase composition of the scale.
Further information on the Al20Cr25Nb19Ti20Zr15Y1 sample after 24-h oxidation at 1073 K was obtained from TEM-EDS analysis of a FIB-prepared cross section. The TEM image ( Fig. 10 ) confirms that the sample is built of different phases. The EDS results ( Table 4 ) also indicate that minor amounts of an yttrium oxide phase, undetected by XRD analysis, form at certain locations inside the oxidized material. The exact influence of this phenomenon on the diffusion of elements in the HEA during high-temperature oxidation has yet to be determined and requires further investigations. As for the other EDS results, at point 1 an oxide phase containing significant amounts of Cr and Zr was determined, whereas at point 2 mostly Nb, Ti and Al were detected along with oxygen.
The initial studies presented above indicate that the oxidation of Al-Cr-Nb-Ti-based HEAs is non-selective and all constituent elements contribute to scale formation. Similar phases are present in the mixed oxide scales determined after oxidation of other Al-Cr-Nb-Ti HEAs ( Ref 19, 20) . Those studies indicate that the layers grown on those materials provide insufficient protection against oxidizing atmospheres at elevated temperatures. Furthermore, internal precipitates can be formed during prolonged high-temperature oxidation (Ref 19) . The oxygen distribution determined in this work suggests that the aforementioned internal corrosion took place during exposure of the investigated alloys to synthetic air at 1073 K.
The beneficial influence of Si addition has been attributed to the formation of a (Nb,Ti) 5 Si 3 phase ( Ref 20) , which has been known to act as an oxygen diffusion barrier in refractory metal solid solutions (Ref 25) . Other studies suggest that the presence of Si in the refractory HEA system facilitates the formation of an aluminum-rich oxide scale (Ref 19) . In the case of 1 at.% Y addition, however, a significant increase in Al inside the scale was not observed. Additional phases were also not detected by XRD analysis after oxidation. The beneficial effect of yttrium addition seems to be associated with ensuring growth of a thicker oxide scale that provides better protection against oxygen diffusion. Any further effects this element might have on high-temperature oxidation can only be speculated at this stage of research. Thus, determining the influence 1 at.% Y can have scale/substrate adherence and the oxidation mechanism of Ti-Al-Cr-Nb-based HEAs will be the subject of future studies. Furthermore, phase composition analysis will also be carried out on the initial Al-Cr-Nb-Ti-Zr HEAs before oxidation in order to determine whether the structures that constitute the material remain similar to those determined for other refractory HEAs containing Ti, Nb and Zr (Ref 26, 27 ).
Summary
From all the obtained initial results, it can be concluded that much work is still needed before the studied HEA materials capable of operating at high temperatures in corrosive atmospheres are fully understood or ready for practical use. The fact that all the constituent elements of the Ti-Al-Cr-Nb-based HEAs react with oxygen during oxidation at 1073 K indicates that the chemical stability of the samples at elevated temperatures requires improvement. Furthermore, the presence of all the elements is determined throughout the entire scale. This means that oxide mixtures can be found throughout the entire scale. Doping the materials with an active element seems to have a positive influence on the scale properties; however, more studies are necessary to fully comprehend the reason behind this. Methods for obtaining greater Al 2 O 3 and Cr 2 O 3 content in the scale and restricting the reactivity of the remaining HEA elements must be researched before these alloys can be used in high-temperature conditions. Methods of further improving the chemical stability properties of the materials while maintaining good material strength and plasticity will be the subject of future studies.
